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Abstract 

Background: Cystatin C is a constitutively expressed and abundant cysteine protease inliibitor witliin tlie 
cerebrospinal fluid (CSF). Recent studies have reported a significant reduction in cystatin C concentration in the CSF 
of patients with annyotrophic lateral sclerosis (ALS) and several other neurodegenerative diseases, relative to healthy 
controls. Cystatin C can exhibit both neuroprotective and neurotoxic properties, suggesting that altered CSF 
cystatin C concentrations could potentially impact the pathogenesis or progression of these disorders. However, it 
is unclear if alterations in cystatin C concentration result in physiologically relevant differences in its functional 
activity within the CSF. Measurements of the cysteine protease inhibitory activity of cystatin C within the CSF have 
not been reported, and the relationship between CSF cystatin C concentration and activity levels in different 
disease contexts has not been investigated. 

Methods: We used a papain inhibition assay to evaluate the total cystatin C activity in CSF samples from 23 ALS 
patients, 23 healthy controls, and 23 neurological disease controls. Cystatin C concentrations in these samples were 
previously measured by ELISA. Correlations between cystatin C concentration and activity were assessed with 
nonparametric statistics. Activity ratios were compared among diagnostic groups using both one-way ANOVA and 
repeated measures statistics. 

Results: Total cystatin C activity was found to be directly proportional to its protein concentration in all subjects, 
and cystatin C activity was not altered in ALS patients. In addition, our data suggest that cystatin C is the 
predominant cysteine protease inhibitor in human CSF. 

Conclusions: Our data demonstrate the successful measurement of the functional activity of cystatin C in the CSF, 
and show that total cystatin C activity can be inferred from its total protein concentration. Our results also suggest 
that cystatin C is the major cysteine protease inhibitor in human CSF and altered CSF cystatin C concentration may 
play a role in the pathobiology of ALS and other neurological diseases. 
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Background 

Cystatin C is a low molecular weight cysteine protease 
inhibitor that modulates protein degradation and cell- 
matrix interactions [1]. This protein binds with high 
affinity to papain, cathepsins B, H and L, calpain, and 
dipeptidyl peptidase, regulating both intracellular and 
extracellular cysteine proteases [2], Cystatin C is pro- 
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duced by nearly all cells and is secreted into the ex- 
tracellular space, blood, or cerebrospinal fluid (CSF). 
In the central nervous system (CNS), cystatin C is syn- 
thesized by choroid plexus cells and secreted into the 
CSF. Interestingly, cystatin C is 5 -fold more concen- 
trated in the CSF than in the bloodstream [3]. This sug- 
gests that cystatin C may have important functions 
within the CSF relating to the modulation of protein 
degradation and, potentially, the regulation of multiple 
signaling pathways [4] , 
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We and others have reported that cystatin C levels are 
reduced in the CSF of patients with amyotrophic lateral 
sclerosis (ALS) when compared to both healthy controls 
and neurological disease controls [5-9]. Altered levels 
of CSF cystatin C have also been reported for other 
neurological disorders including multiple sclerosis, 
Alzheimer's disease, and Creutzfeldt-Jakob disease 
[10-12]. The reduction of CSF cystatin C levels in pa- 
tients with multiple sclerosis and other inflammatory 
diseases suggests that cystatin C has a role in modulat- 
ing neuroinflammation. Indeed, some activity of this 
type has been demonstrated in cell culture models 
[13,14]. In addition, cystatin C has been shown to ex- 
hibit both neuroprotective and neurotoxic properties 
within in vitro and in vivo models. Therefore, cystatin C 
may have multiple functions relevant to the pathogenesis 
and progression of neurological disease. However, the in- 
fluence of altered cystatin C levels in this context re- 
mains unclear. 

While the alteration of CSF cystatin C concentration 
in various neurological disorders has been established, 
the relationship between the concentration and func- 
tional activity of this protein within the CSF is unknown. 
It is possible that CSF cystatin C exhibits simple, linear 
activity kinetics at all physiologic concentrations, such 
that its mean activity is a constant multiple of its total 
concentration. Alternatively, cystatin C may demonstrate 
concentration-dependent activity kinetics in vivo, 
resulting in activity differences that are either magnified 
or diminished relative to concentration differences. 
Along different lines, it is also possible that the post- 
translational modification or proteolytic processing of 
cystatin C is altered in some disease states, potentially 
resulting in altered baseline activity kinetics for the 
protein. 

Once the concentration-to- activity relationship is 
clarified, it will be possible to draw conclusions about 
the potential effects of altered cystatin C concentration 
in neurological disease states. If the observed differences 
in CSF cystatin C concentration do result in significant 
changes in its cysteine protease inhibitory activity, this 
could directly impact the protein milieu of the CSF, alter 
the extracellular matrix within the CNS, and influence 
downstream signaling events, potentially generating ei- 
ther neurotoxic or neuroprotective effects. 

To determine the relationship between cystatin C con- 
centration and functional activity within the CSF, we 
modified a papain inhibition assay to enable the meas- 
urement of the protease inhibitory activity of cystatin C 
in this biofluid. We used this assay to evaluate cystatin 
C activity in CSF samples from a total of 69 ALS pa- 
tients, healthy controls, and disease controls. We found 
that the functional activity of cystatin C within the CSF 
is directly related to its protein concentration, and that 



reduced cystatin C protein levels in the CSF of ALS pa- 
tients likely correspond to reduced cysteine protease in- 
hibitory activity. Our results provide an assay to 
measure cystatin C activity in CSF and suggest a func- 
tional consequence of reduced CSF cystatin C levels in 
ALS patients. 

Methods 

Samples 

For this study, we selected 69 independent CSF samples 
that were recently utilized in cystatin C biomarker dis- 
covery efforts [9]. Sample collection procedures were 
approved by the institutional review board (IRB) at the 
University of Pittsburgh, and written informed consent 
was obtained from all participating subjects. Patient 
demographics are shown in Table 1. The ALS group 
included 18 patients with sporadic ALS and five with 
familial ALS. ALS subjects were diagnosed by experi- 
enced neurologists specializing in motor neuron disease, 
and all were classified as having probable, probable - 
laboratory-supported, or definite ALS according to El 
Escorial criteria. Healthy control (HC) research subjects 
lacked any neurological symptoms, and neurological dis- 
ease controls (DC) included four patients with multiple 
sclerosis, two each with primary lateral sclerosis, chronic 
inflammatory demyelinating polyneuropathy, and pro- 
gressive muscular atrophy, and one each with 
spinocerebellar ataxia, small fiber neuropathy, idiopathic 
sensorimotor polyneuropathy, bilateral facial palsies, 
neurosarcoidosis, viral encephalitis, CNS lymphoma, 
brain metastases, pseudotumor cerebri, seizure disorder, 
complicated migraine, paresthesis with possible myelop- 
athy, and probable conversion disorder. 

The total cystatin C concentration in each of the 69 
CSF samples was previously determined by ELISA [9]. 

Immunoprecipitation 

For these experiments, the single CSF sample with the 
highest concentration of cystatin C was used. Immuno- 
precipitation (IP) of cystatin C from CSF was performed 
using a magnetic bead system (MACS Molecular, 
Auburn, CA). First, varying amounts (0, 0.4, 0.8, or 
1.6 (ig) of affinity-purified goat anti-human cystatin C 
polyclonal antibody (R&D Systems, Minneapolis, MN) 
were added to 18 [iL aliquots of CSF and the solutions 



Table 1 Demographic characteristics of study participants 





ALS 


Healthy controls 


Disease controls 




(n = 23) 


(n = 23) 


(n = 23) 


Sex (male/female) 


11/12 


11/12 


12/11 


Age at draw ± SD 


48.7 ± 


48.7 ± 14.2 


48.5 ± 15.4 


(years) 


13.9 







There were no significant differences between subject age or gender 



among groups. 
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were briefly mixed at room temperature. Next, 100 \iL 
of Protein A MicroBeads were added to each aliquot, 
and the solutions were mixed and incubated for 30 min 
on ice. During this incubation, the [i columns (MACS 
Molecular, Auburn, CA) were each primed with 200 [iL 
of lysis buffer (50 mM Tris HQ, pH = 6.00; 150 mM 
NaCl; 1% Triton-X-100) and rinsed with 100 \iL of assay 
buffer (see Papain inhibition assay below). Next, the CSF 
solutions were applied to the [i columns and the "flow- 
through" was collected. An additional 30 [iL of assay 
buffer were then added to flush the remaining CSF solu- 
tions into the same flow-through collection tube. The 
columns were each rinsed with 50 [iL of PBS and the 
combined flow-through solutions from all three steps 
were saved. The columns were then rinsed with an add- 
itional 750 [iL of PBS and 100 [iL of low-salt wash buffer 
(50 mM Tris HCl, pH 6.8; 50 mM DTT; 1% SDS; 
0.005% bromophenol blue; 10% glycerol). To elute the 
isolated cystatin C, 20 [iL of pre-heated IX SDS gel load- 
ing buffer were added to each [i column and incubated 
for 5 min at room temperature. Next, an additional 50 
[iL of pre-heated IX SDS gel loading buffer were added 
and the elution products were collected. For subsequent 
IPs of flow-through solutions, 4 [iL (0.8 (ig) of anti- 
cystatin C antibody and 100 [iL of MicroBeads were 
added to each flow-through sample, and the remaining 
steps were repeated as above. 

Immunoblotting 

IP elution products were separated by electrophoresis on 
a NuPAGE® Novex® 12% Bis-Tris polyacrylamide gel 
(Invitrogen, Carlsbad, CA), with 20 [i\ per gel lane. The 
proteins were transferred onto a PolyScreen polyvi- 
nylidene difluoride membrane (NEN Biolabs, Ipswich, 
MA) and blocked with 5% nonfat milk in IX TBS/0.05% 
Tween-20 (TBST) for one hour at room temperature. A 
mouse monoclonal anti-human cystatin C primary anti- 
body (Santa Cruz Biotechnology, Santa Cruz, CA) was 
added to the blocking solution at a 1:1000 dilution and 
incubated overnight at 4°C. The membrane was thor- 
oughly washed with TBST, and then a goat anti-mouse 
horseradish peroxidase-conjugated secondary antibody 
(Millipore, Burlington, MA) was diluted by 1:5000 in 5% 
nonfat milk in TBST and applied to the membrane for 
two hours at room temperature. The membrane was 
thoroughly washed with TBST, and then the labelled 
proteins were visualized using Chemiluminescence 
Reagent Plus (PerkinElmer, Waltham, MA). 

Papain inhibition assay 
Assay procedure 

The procedure we developed for this study was modified 
from an R&D Systems activity assay protocol for 



recombinant human cystatin C protein (R&D Systems, 
Minneapolis, MN). Plant-derived papain (Sigma, St. 
Louis, MO) was diluted to 100 [ig/mL in ice-cold activa- 
tion buffer (50 mM Tris, 5 mM DTT, pH 7) and incu- 
bated at room temperature for 15 min. During this 
incubation, CSF samples from each patient were diluted 
at a 2:1 ratio by volume in either assay buffer (50 mM 
Tris, pH 7) or polyclonal cystatin C blocking antibody 
(R&D Systems, Minneapolis, MN; diluted to 0.2 mg/mL 
in assay buffer) and incubated with gentle agitation for 
five min at room temperature. The CSF sample solutions 
were then further diluted 1:8 in assay buffer, and the ac- 
tivated papain solution was further diluted in assay buf- 
fer to 2 ug/mL. Equal volumes of the CSF and papain 
solutions were mixed and incubated at 37°C for 10 min. 
We next diluted the mixture 1:5 in assay buffer, and 50 
[iL were added to each well of a 96-well plate. 50 [iL of 
ZPheArgAMC (R&D Systems, Minneapolis, MN) sub- 
strate (10 mM in DMSO, diluted to 200 [iM in assay 
buffer) was rapidly added to each well, and the plate was 
immediately inserted into a plate reader. The plate was 
read for 5 min in kinetic mode, using excitation and emis- 
sion wavelengths of 380 nm and 460 nm, respectively. 

Assay design 

Samples were randomized to plates and plate positions, 
and assayed in triplicate. Each sample, and its corre- 
sponding sample/antibody solution, were always assayed 
in adjacent wells. A standard curve and an internal 
standard of mixed CSF were also included on each plate 
for quality control. The experiment was repeated with 
samples in reverse order on each plate to control for 
slight assay differences based on plate position. All ex- 
periments were performed at least twice. 

Statistical analysis 

All statistics were carried out using SPSS software. Data 
normality was assessed by the Kolmogorov-Smirnova 
and Shapiro-Wilk tests, and normality was only assumed 
when indicated by both tests. All calculated p-values 
were two-tailed, and the significance level was set at 
p < 0.05. 

Papain inhibition assay data analysis 

For each experiment, the reaction rate for each well was 
determined as slope of best-fit line of graphed RFU data. 
Intra-assay coefficients of variation (CVs) were calcu- 
lated using the three reaction rates for each sample, and 
each sample/antibody mixture, on each plate. Data from 
one of the triplicate well readings was dropped from the 
analyses when it differed from both other wells by a 
CV>40, and the other two sample wells differed from 
each other by a CV less than half of the average CV 
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between the outlier and the similar wells. This elimi- 
nated only 0.65% of the assay data points (6 of 930 data 
points). The average reaction rate for each raw CSF sam- 
ple (without blocking antibody) was recorded as the total 
assay activity for that sample. The total assay activity 
was then subtracted from the average reaction rate for 
the same sample containing blocking antibody to deter- 
mine the total cystatin C activity for that sample. 

All experiments were performed in triplicate and each 
experiment repeated at least twice. Inter-assay CVs were 
also determined for each sample using the total assay ac- 
tivity and, separately, the total cystatin C activity calcu- 
lated for each separate experiment using the same 
guidelines described above. 

Coefficients of variation between duplicate/triplicate 
wells for each sample run, and between mean cystatin C 
activity plate results for each sample, were recalculated 
after dropping outlier data as described above. Because 
both groups of CV data failed normality, median values 
were calculated as the measure of central tendency. The 
overall intra-assay CV was calculated as the median of 
the individual CVs for all sample-runs. The CVs were 
non-normally distributed (range: 0.1-29.9%), and the 
median (3.6%) was less than the generally acceptable 
value for intra-assay variability (CV < 10%). Similarly, 
inter-assay CVs were determined using the final cystatin 
C activity level determined in each replicate experiment 
for each CSF sample. The CVs were non-normally dis- 
tributed (range: 0.2-32.1%), and the median (9.1%) was 
well within the acceptable range for inter-assay variabil- 
ity (CV<20%) [15]. 

Correlation analysis 

The correlations between cystatin C concentration and 
both assay activity and cystatin C activity in all samples as 
a combined group were assessed using non-parametric 
statistics because the data for total assay activity were 
non-normally distributed. For these analyses, SPSS soft- 
ware was used to calculate both the Spearman correl- 
ation coefficient and the two-tailed significance level. 
Identical methods were used to assess the same cor- 
relations in each diagnostic group because cystatin C 
concentrations in ALS patients also failed normality 
testing. 

Comparison between diagnostic groups 

Because cystatin C activity ratios were normally distrib- 
uted in all three experimental groups and there were no 
significant differences among group variances, we com- 
pared group means by one-way ANOVA. 

For our final comparison of cystatin C concentration, 
total assay activity, and total cystatin C activity between 
groups, all diagnostic group data were normally distrib- 
uted except for cystatin C concentration. For each data 



category, differences among diagnostic group means 
were identified by one-way ANOVA. 

Analysis of samples paired by cystatin C concentration 

Samples in all three diagnostic groups were paired by 
cystatin C concentration, and the seven samples in each 
group which could not be paired with samples from the 
other groups were dropped from this analysis. All paired 
data for cystatin C concentration, total assay activity, 
total cystatin C activity, and cystatin C activity ratio were 
normally distributed. Therefore, we were able to use the 
SPSS general linear model for repeated measures to as- 
sess differences in each of the four variables among diag- 
nostic groups. 

Results 

Papain inhibition assay to measure cystatin C activity 

To measure cystatin C protease inhibitory activity in the 
cerebrospinal fluid (CSF), we utilized a papain inhibition 
assay. Papain is a plant-derived cysteine protease that can 
hydrolyze the Arg-AMC amide bond of a Z-Phe-Arg- 
AMC substrate to release the fluorescent 7-amino-4-me- 
thyl coumarin (AMC) group. Relative fluorescence units 
(RFU) are then measured over time to determine the total 
papain activity. When a cysteine protease inhibitor (CPI) 
is added to the assay solution, it inhibits papain-mediated 
Z-F-R-AMC substrate cleavage, and fluorescence emis- 
sion is reduced. The total activity of the CPI can then be 
estimated as the reduction in papain-mediated assay 
activity. 

There are several challenges when using this assay to 
measure the activity of a specific CPI within a biofluid 
sample, such as CSF. First, because CSF contains several 
CPIs, the total assay inhibition is a measure of the com- 
bined CPI activity and cannot be attributed to a single 
protein. Additionally, CSF also contains endogenous 
cysteine proteases that could potentially cleave the 
Z-F-R-AMC substrate and supplement papain activity. 
This would increase the overall fluorescence emission 
and decrease the apparent CPI activity determined by 
the assay. 

To control for these factors, we determined the to- 
tal cystatin C activity in CSF by assaying both raw CSF, 
and CSF from the same patient sample that had been 
pre-incubated with an antibody that blocks cystatin C 
activity. For raw CSF samples, the total measured assay 
activity included the supplementary effects of all en- 
dogenous cysteine proteases as well as the inhibitory ef- 
fects of all CPIs present in the sample. For the CSF 
treated with the blocking antibody, the measured assay 
activity included all of the factors present in raw CSF ex- 
cept for the inhibitory activity of cystatin C. Therefore, 
the total inhibitory activity of cystatin C in each sample 
could be calculated by subtracting the total assay activity 
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for raw CSF from the total assay activity for CSF treated 
with the blocking antibody. 



Specificity and efficiency of cystatin C blocking antibody 

Experiments were first conducted to test the effective- 
ness of the polyclonal anti-cystatin C antibody in both 
binding to human cystatin C within CSF and in eliminat- 
ing cystatin C activity from CSF samples. First, varying 
amounts of the antibody were used to immunoprecipi- 
tate (IP) cystatin C from the CSF. Western blots were 
then performed to assess the relative amounts of cystatin 
C removed from each sample aliquot by IP, as well as 
the amount remaining in each sample (Figure 1). We 
found that the selected antibody effectively precipitated 
cystatin C from human CSF, and that 1.6 \ig of antibody 
(in 8 [iL volume) was adequate to fully remove cystatin 
C from 18 \iL of CSF (approximate 2:1 CSF to antibody 
volumetric ratio). 

Next, CSF aliquots from the same sample were pre- 
incubated with varying amounts of the same polyclonal 
"blocking" antibody and used in the papain inhibition 
assay as described in Methods. We observed an antibody 
dose-dependent elimination of cystatin C inhibitory ac- 
tivity, with full elimination of function achieved by a 
sample to antibody ratio of 2:1, by volume in a CSF sam- 
ple that contained the highest amount of cystatin C pro- 
tein as determined by ELISA (Table 2). This antibody 
ratio was effective at fully eliminating activity in numer- 
ous CSF samples across a range of cystatin C protein 
levels (data not shown). These findings confirm that this 
polyclonal antibody can effectively bind to human 
cystatin C and eliminate its functional activity from hu- 
man CSF samples. 



Cystatin 



123456789 



-15kDa 
-lOkDa 



Figure 1 Depletion of cystatin C from CSF by 
Immunopreclpltatlon. Lanes 1-4: Increasing amounts of anti- 
cystatin C polyclonal antibody (0-1.6 |jg antibody) was added to 
CSF for immunoprecipitation as described in Methods. The resulting 
immunoprecipitate was analysed by western blot for cystatin C. 
Lane 1: 1.6 mQ antibody (IPl); Lane 2: 0.8 \ig antibody (IP2); Lane 3: 
0.4 |jg antibody; (IPS) Lane 4: 0 pg antibody (IP4). The remaining 
column flow-through from each sample was then used to repeat 
the cystatin C immunoprecipitation using 0.8 |jg antibody to 
examine efficiency of cystatin C removal during the initial 
immunoprecipitation. Lane 5: Flow-through from IPl; Lane 6: Flow- 
through from IP2; Lane 7: Flow-through from IPS; Lane 8: Flow- 
through from IP4; Lane 9: Human cystatin C purified protein as a 
positive control from a separate gel. 



Table 2 Dose-dependent effect of cystatin C activity- 
blocking antibody 


Sample 


CSF to antibody ratio 
(by volume) 


Mean assay activity 
(RFU/mIn) 


1 


0:4 


S7S7 


2 


4:0 


754 


3 


4:1 


2455 


4 


4:2 


S944 


5 


4:S 


S799 


6 


4:4 


S60S 



A CSF sample with the highest cystatin C concentration was pre-incubated with 
varying amounts of polyclonal cystatin C activity-blocking antibody (samples 
2-6) and then tested in the papain inhibition assay. Sample 1 demonstrates the 
baseline papain assay activity in the absence of CSF-mediated papain inhibition 
and in the presence of the highest dose of anti-cystatin C antibody used in the 
experiment. Sample 2 demonstrates the maximal papain assay inhibition 
produced by the CSF without any anti-cystatin C antibody. Addition of the 
blocking antibody in samples 3-6 produces a dose-dependent elimination of 
CSF-mediated assay inhibition, with full elimination reached at a 4:2 ratio 
(where assay activity first returns to baseline). Cystatin C antibody was 
prepared at a 0.2 [ig/[xl concentration. 



Relationship between CSF cystatin C concentration and 
activity 

This 2:1 sample to antibody ratio was used to perform 
the papain inhibition assay in all CSF samples to deter- 
mine cystatin C functional activity in each sample. Be- 
fore separating the data into diagnostic groups, we 
graphed both total assay activity and total cystatin C ac- 
tivity versus the cystatin C concentration for each sam- 
ple. We observed a strong, indirect relationship between 
CSF cystatin C concentration and total papain assay ac- 
tivity (Figure 2A), and a strong, direct relationship be- 
tween cystatin C concentration and its own activity 
(Figure 2B). Next, the data were sorted into diagnostic 
categories and these correlation analyses were repeated. 
The relationships observed in the combined data were 
maintained in all three individual diagnostic categories, 
and all correlations were statistically significant, with 
p < 0.001 and Spearman r values between -0.86 to -0.91 
for each individual subject group cystatin C and total pa- 
pain assay activity. 



Comparison between diagnostic groups 

We next compared CSF cystatin C concentration and ac- 
tivity levels among the three diagnostic groups (Table 3). 
The mean cystatin C concentration was reduced in ALS 
patients compared to the DC and HC groups as pre- 
viously reported [9], but this difference did not reach 
statistical significance. The low mean cystatin C concen- 
tration in ALS patients corresponded with the greatest 
mean papain assay activity out of the three diagnostic 
groups. The differences in mean cystatin C activity be- 
tween diagnostic groups directly mirrored the group 
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Cystatin C concentration (ug/ml) Cystatin C concentration (ug/ml) 

Figure 2 Correlation of cystatin C concentration with papain inhibition assay activity and cystatin C activity. (A) Total assay activity was 
indirectly related to cystatin C concentration, and the relationship was statistically significant (p < 0.001, Spearman r = -0.861). (B) Total cystatin C 
activity was directly related to its own concentration, and the correlation was strong and significant (p < 0.001, Spearman r = 0.883). 

V J 



trends in mean cystatin C concentration and did not 
reach statistical significance (Table 3). Cystatin C activity 
ratios were calculated for all samples by dividing the 
total cystatin C activity by the total cystatin C concentra- 
tion for each sample. Our results suggest that the aver- 
age protease inhibitory activity per unit of cystatin C 
was equivalent across all groups (Table 3). 

Finally, to fully control for differences in mean cystatin 
C concentration among diagnostic groups, we paired se- 
lect data from each group for statistical comparison. 
Subsets of samples with matched cystatin C concentra- 
tions were selected from each group, generating three 
diagnostic subgroups with identical mean cystatin C pro- 
tein concentrations (Table 4). We then compared activity 
ratios using statistics for repeated measures in order to 
identify any differences in the kinetics of cystatin C ac- 
tivity among groups. In this analysis, no significant dif- 
ferences were observed among the three diagnostic 
groups, and all trends were eliminated by controlling for 
cystatin C protein concentration (Table 4). 

Discussion 

Prior studies have reported that cystatin C concentra- 
tions are decreased in the CSF of ALS patients relative 
to healthy controls, but it has been unclear if these re- 
ductions in protein level result in proportional reduc- 
tions in cysteine protease inhibitory activity. To address 
this important question, we modified a papain inhibition 



assay to allow for the direct measurement cystatin C 
functional activity in human CSF. The assay performed 
with low inter- and intra-assay variability, and allowed 
the reliable evaluation of cystatin C activity in multiple 
CSF samples from ALS patients and controls. Notably, 
this assay measures only the activity of cystatin C at its 
primary active site, which interacts with papain-like cyst- 
eine proteases. Therefore, the experimental findings of 
this study only apply to the activity of cystatin C against 
its primary ligands, and do not address its interactions 
with legumain-like cysteine proteases. 

As expected, cystatin C concentration demonstrated a 
strong, direct relationship with the magnitude of its in- 
hibitory activity (Figure 2). This confirms that CSF 
cystatin C is biologically active against papain-like cyst- 
eine proteases, and that there does not appear to be sig- 
nificant variability in the activity state of the protein 
among individual subjects. 

Cystatin C concentration also demonstrated a strong, 
indirect relationship with the overall activity of the pa- 
pain assay (Figure 2). This indicates that CSF induces an 
overall inhibitory effect on papain-mediated protease ac- 
tivity, and that this effect is highly dependent upon 
cystatin C concentration. Additionally, the strength of 
the correlations between cystatin C concentration and 
both its own activity (Figure 2B) and total papain assay 
activity (Figure 2A) were nearly identical in magnitude 
(r of 0.883 and -0.861, respectively). This, along with 



Table 3 Comparison of cystatin C concentration, papain assay activity, cystatin C activity, and cystatin C activity ratio 
among experimental groups 





Mean cystatin C concentration ± SD 


Mean assay activity ± SD 


Mean cystatin C activity ± SD 


Mean activity ratio ± SD 


ALS (n = 23) 


3.09 ±1.10 


1744±919 


2663 ± 762 


887 ±131 


DC (n = 23) 


3.51 ±1.07 


1547 ±980 


2868 ± 850 


829 ±133 


HC (n = 23) 


3.84 ± 1.13 


1302 ±742 


31 24 ±634 


843 ±138 


p-value 


0.077 


0.247 


0.124 


0.312 



For each diagnostic group, the mean cystatin C protein concentration in the CSF (|ag/ml), papain inhibitory assay activity in raw CSF, and cystatin C activity in CSF 
treated with anti-cystatin C antibody are shown. The right column depicts the mean activity ratio determined by dividing the total cystatin C activity by the total 
cystatin C concentration for each sample. No differences among experimental groups reached statistical significance by one-way ANOVA. Assay activity units are 
listed in RFU/min. 
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Table 4 Repeated measures assessment of cystatin C activity 





Mean cystatin 

C concentration (ng/mi) ± SD 


Mean assay 
activity ± SD 


Mean cystatin C 
activity ± SD 


Mean activity 
ratio ± SD 


ALS (n = 16) 


3.54 ±1.03 


1381 ±798 


3006 ± 652 


875 ±132 


DC (n = 16) 


3.54 ± 1.05 


1476 ±1009 


2939 ± 827 


842 ±149 


HC (n = 16) 


3.53 ±1.03 


1433 ±782 


3010 ±691 


875 ±121 


p-value 


0.597 


0.796 


0.843 


0.859 



When samples were paired across groups by CSF cystatin C concentration, there were no significant differences in papain assay activity, cystatin C activity, or 
cystatin C activity ratio among the three diagnostic groups. Assay activity units are listed as RFU/min. 



Table 2 data indicating that cystatin C antibody can 
completely block papain inhibition in CSF, suggests that 
any other endogenous papain-like cysteine proteases and 
alternate cysteine protease inhibitors that are present in 
human CSF contribute only minimally to the measured 
assay activity. Therefore, cystatin C is likely the domin- 
ant cysteine protease inhibitor in human CSF, and plays 
a critical role in the regulation of cysteine protease- 
mediated proteolysis in this setting. While prior studies 
have shown that cystatin C protein levels are enriched in 
the CSF versus the blood and the protein is often 
detected in proteomic studies of the CSF [16,17], our 
data suggests it is the primary cysteine protease inhibitor 
in the CSF. It should be noted that if cystatin C concen- 
trations approach saturating concentrations for their se- 
lected cysteine proteases in the CSF, then small changes 
in concentration between individuals or subject groups 
may not translate to significant physiological changes in 
inhibitory activity. 

When the data were divided into diagnostic groups, 
comparable correlations were maintained between 
cystatin C concentration and both its own activity and 
total papain assay activity in each group (Table 3). Activ- 
ity ratios were then calculated for each patient as the 
total cystatin C activity divided by the total cystatin C 
concentration, and the resulting mean values were near- 
ly identical between the three experimental groups 
(Tables 3 and 4). However the large intragroup varia- 
tions suggest that cystatin C may not be useful as an in- 
dividual biomarker for ALS but could be useful in a 
panel of disease biomarkers. 

Reduced CPI activity within the CSF of ALS or other 
neurologic disease patients may contribute to either 
toxic or protective pathways related to disease pathogen- 
esis. Cystatin C has been reported to exhibit neurotoxic 
effects when injected into the rodent brain [18], and 
when directly applied to primary neuronal cultures [19]. 
However, cystatin C also exhibits neuroprotective effects 
both in vivo [20] and in vitro [21], and potential 
neuroprotective pathways of cystatin C have been more 
thoroughly characterized [22]. The protective function 
that appears most relevant to ALS is the regulation of 
extracellular cathepsins and calpains, which are released 



as part of physiological processes or in response to CNS 
damage or stress. The levels of these proteases may be 
elevated in ALS and other diseases due to increased ex- 
pression [23,24], secretion by activated microglia [25], 
and release by dying neurons [24,26-29]. Therefore, the 
reduced CSF cystatin C activity in ALS may be inad- 
equate to counteract the apparent increase in protease 
activity, resulting in protease-mediated CNS damage. 

Extracellular cystatin C also may be internalized by 
motor neurons and/or glial cells, and subsequently affect 
intracellular processes. Efficient cystatin C uptake has 
been demonstrated with multiple non-neuronal human 
cell lines [30]. If this process also occurs in the human 
CNS, reduced extracellular cystatin C concentration 
could result in reduced uptake and abnormal deficien- 
cies in intracellular cystatin C activity. Intracellular ca- 
thepsins and calpains both appear to be up-regulated in 
ALS, and can contribute to the induction of apoptosis 
[23,24]. Therefore, deficiencies in intracellular cystatin C 
could potentially lead to apoptosis through the loss of a 
protective mechanism. Alternatively, reduced extracellu- 
lar cystatin C levels may reflect increased cellular uptake 
in response to increased intracellular levels of cathepsins 
and calpains. 

Conclusions 

We have determined that the functional activity of 
cystatin C within the CSF can be effectively measured by 
a papain inhibition assay, and that CSF cystatin C activ- 
ity is directly proportional to its concentration in ALS 
patients and controls. Our data indicates that cystatin C 
is the predominant cysteine protease inhibitor in the hu- 
man CSF. 

Competing interests 

Robert Bowser is co-Founder of Knopp Biosciences LLC and Iron Horse 
Diagnostics Inc., biotechnology companies devoted to the development of 
diagnostics and therapies for ALS and other neurological diseases. 

Authors' contributions 

Conceived and designed the experiments: MW and RB. Performed the 
experiments: IB and MW. Analyzed the data: MW. Wrote and revised the 
paper: MW and RB. Edited and revised the paper: IB. All authors read and 
approved the final manuscript. 



Wilson et al. Fluids and Barriers of the CNS 201 3, 10:1 5 Page 8 of 8 

http://www.fluidsbarrierscns.conn/content/10/1/15 



Acknowledgements 

Funding support was provided by National Institutes of Health grants 
NS061867 and NS068179 to RB. The funding organization had no role in 
study design, data collection, data analysis or preparation of the manuscript. 
The authors would like to thank all of the patients and the control subjects 
who generously contributed CSF samples for this research. 

Received: 31 October 2012 Accepted: 22 February 2013 
Published: 15 March 2013 



References 

1. Nycander M, Estrada S, Mort JS, Abrahamson M, Bjork I: Two-step 
mechanism of inhibition of cathepsin B by cystatin C due to 
displacement of the proteinase occluding loop. FEBS Lett 1998, 422:61-64. 

2. Abrahamson M, Barrett AJ, Salvesen G, Grubb A: Isolation of six cysteine 
proteinase inhibitors from human urine. Their physicochemical and 
enzyme kinetic properties and concentrations in biological fluids. 

J Biol Chem 1 986, 261 :1 1 282-1 1 289. 

3. George PM, Sheat JM: Cystatin C quantification in CSF. Clin Chem 1 989, 
35:179-180. 

4. Kato T, Heike T, Okawa K, Haruyama M, Shiraishi K, Yoshimoto M, Nagato M, 
Shibata M, Kumada T, Yamanaka Y, Hattori H, Nakahata T: A neurosphere- 
derived factor, cystatin C, supports differentiation of ES cells into neural 
stem cells. Proc Natl Acad Sci USA 2006, 1 03:601 9-6024. 

5. Ranganathan S, Williams E, Ganchev P, Gopalakrishnan V, Lacomis D, 
Urbinelli L, Newhall K, Cudkowicz ME, Brown RH Jr, Bowser R: Proteomic 
profiling of cerebrospinal fluid identifies biomarkers for amyotrophic 
lateral sclerosis. J Neurochem 2005, 95:1461-1471. 

6. Pasinetti GM, Ungar LH, Lange DJ, Yemul S, Deng H, Yuan X, Brown RH, 
Cudkowicz ME, Newhall K, Peskind E, Marcus S, Ho L: Identification of 
potential CSF biomarkers in ALS. Neurology 2006, 66:1218-1222. 

7. Ryberg H, An J, Darko S, Lustgarten JL, Jaffa M, Gopalakrishnan V, Lacomis 
D, Cudkowicz M, Bowser R: Discovery and verification of amyotrophic 
lateral sclerosis biomarkers by proteomics. Muscle Nerve 2010, 42:104-1 11. 

8. Tsuji-Akimoto S, Yabe I, Niino M, Kikuchi S, Sasaki H: Cystatin C in 
cerebrospinal fluid as a biomarker of ALS. Neurosci Lett 2009, 452:52-55. 

9. Wilson ME, Boumaza I, Lacomis D, Bowser R: Cystatin C: a candidate 
biomarker for amyotrophic lateral sclerosis. PLoS One 2010, 5:e15133. 

10. Nagai A, Murakawa Y, Terashima M, Shimode K, Umegae N, Takeuchi H, 
Kobayashi S: Cystatin C and cathepsin B in CSF from patients with 
inflammatory neurologic diseases. Neurology 2000, 55:1828-1832. 

1 1 . Carrette 0, Demalte I, Scherl A, Yalkinoglu 0, Corthals G, Burkhard P, 
Hochstrasser DF, Sanchez JC: A panel of cerebrospinal fluid potential 
biomarkers for the diagnosis of Alzheimer's disease. Proteomics 2003, 
3:1486-1494. 

12. Sanchez JC, Guillaume E, Lescuyer P, Allard L, Carrette 0, Scherl A, Burgess J, 
Corthals GL, Burkhard PR, Hochstrasser DF: Cystatin C as a potential 
cerebrospinal fluid marker for the diagnosis of Creutzfeldt-Jakob disease. 
Proteomics 2004, 4:2229-2233. 

13. Chapman HA Jr, Reilly JJ Jr, Yee R, Grubb A: Identification of cystatin C, 

a cysteine proteinase inhibitor, as a major secretory product of human 
alveolar macrophages in vitro. Am Rev Respir Dis 1990, 141:698-705. 

14. Verdot L, Lalmanach G, Vercruysse V, Hartmann S, Lucius R, Hoebeke J, 
Gauthier F, Vray B: Cystatins up-regulate nitric oxide release from 
interferon-gamma-activated mouse peritoneal macrophages. J Biol Chem 
1996, 271:28077-28081. 

15. Reed GF, Lynn F, Meade BD: Use of coefficient of variation in assessing 
variability of quantitative assays. Clin Diagn Lab Immunol 2002, 
9:1235-1239. 

16. Romeo MJ, Espina V, Lowenthal M, Espina BH, Petricoin EE III, Liotta LA: CSF 
proteome: a protein repository for potential biomarker identification. 
Expert Rev Proteomics 2005, 2:57-70. 

17. Huhmer AF, Biringer RG, Amato H, Fonteh AN, Harrington MG: Protein 
analysis in human cerebrospinal fluid: Physiological aspects, current 
progress and future challenges. Dis Markers 2006, 22:3-26. 

18. Nagai A, Ryu JK, Kobayash S, Kim SU: Cystatin C induces neuronal cell 
death in vivo. Ann N Y Acad Sci 2002, 977:315-321. 

1 9. Nagai A, Ryu JK, Terashima M, Tanigawa Y, Wakabayashi K, McLarnon JG, 
Kobayashi S, Masuda J, Kim SU: Neuronal cell death induced by cystatin C 
in vivo and in cultured human CNS neurons is inhibited with cathepsin B. 
Brain Res 2005,1066:120-128. 



20. Xu L, Sheng J, Tang Z, Wu X, Yu Y, Guo H, Shen Y, Zhou C, Paraoan L, Zhou 
J: Cystatin C prevents degeneration of rat nigral dopaminergic neurons: 
in vitro and in vivo studies. Neurobiol Dis 2005, 18:152-165. 

21. Nishiyama K, Konishi A, Nishio C, Araki-Yoshida K, Hatanaka H, Kojima M, 
Ohmiya Y, Yamada M, Koshimizu H: Expression of cystatin C prevents 
oxidative stress-induced death in PCI 2 cells. Brain Res Bull 2005, 67:94-99. 

22. Gauthier S, Kaur G, Mi W, Tizon B, Levy E: Protective mechanisms by 
cystatin C in neurodegenerative diseases. Front Biosci 201 1, 3:541-554. 

23. Tradewell ML, Durham HD: Calpastatin reduces toxicity of SOD1G93A in a 
culture model of amyotrophic lateral sclerosis. Neuroreport 2010, 
21:976-979. 

24. Offen D, Barhum Y, Melamed E, Embacher N, Schindler C, Ransmayr G: 
Spinal cord mRNA profile in patients with ALS: comparison with 
transgenic mice expressing the human SOD-1 mutant. J Mol Neurosci 

2009, 38:85-93. 

25. Buck MR, Karustis DG, Day NA, Honn KV, Sloane BE: Degradation of 
extracellular-matrix proteins by human cathepsin B from normal and 
tumour tissues. Biochem J 1992, 282:273-278. 

26. Boland B, Campbell V: Abeta-mediated activation of the apoptotic 
cascade in cultured cortical neurones: a role for cathepsin-L. Neurobiol 
Aging 2004, 25:83-91. 

27. Bidere N, Lorenzo HK, Carmona S, Laforge M, Harper F, Dumont C, Senik A: 
Cathepsin D triggers Bax activation, resulting in selective apoptosis- 
inducing factor (AIF) relocation in T lymphocytes entering the early 
commitment phase to apoptosis. J Biol Chem 2003, 278:31401-3141 1. 

28. Kagedal K, Zhao M, Svensson I, Brunk UT: Sphingosine-induced apoptosis 
is dependent on lysosomal proteases. Biochem J 2001, 359:335-343. 

29. Roberg K, Ollinger K: Oxidative stress causes relocation of the lysosomal 
enzyme cathepsin D with ensuing apoptosis in neonatal rat 
cardiomyocytes. Am J Pathol 1998, 152:1 151-1 156. 

30. Ekstrom U, Wallin H, Lorenzo J, Holmqvist B, Abrahamson M, Aviles FX: 
Internalization of cystatin C in human cell lines. FEBS J 2008, 
275:4571-4582. 



doi:1 0.1 186/2045-81 18-1 0-1 5 

Cite this article as: Wilson et al.: Measurement of cystatin C functional 
activity in the cerebrospinal fluid of amyotrophic lateral sclerosis and 
control subjects. Fluids and Barriers of the CNS 2013 10:15. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



